Pharmaceuticals are present in an aquatic environment usually in low (ng/L) concentrations. Their continuous release can lead to unwanted effects on the nontarget organisms. The main points of their collection and release into the environment are wastewater treatment plants. The wastewater treatment plants should be upgraded by new technologies, like advanced oxidation processes (AOPs), to be able to degrade these new pollutants. In this study, the degradation of albendazole (ALB), a drug against parasitic helminths, was investigated using four UV-based AOPs: UV photolysis, UV photocatalysis (over TiO 2 film), UV + O 3 , and UV + H 2 O 2 . The ranking of the degradation process degree of the ALB and its degradation products for studied processes is as follows: UV photolysis < UV photocatalysis with TiO 2 < UV + O 3 < UV + H 2 O 2 . The fastest degradation of ALB and its degradation products was obtained by UV-C + H 2 O 2 process with a degradation efficiency of 99.95%, achieved in 15 minutes.
Introduction
Pharmaceuticals are complex molecules with different physicochemical and biological properties and functionalities. Although they are present in the aquatic environment in low (ng/L to μg/L) concentrations, they are continually being released into the environment which can lead to unwanted effects on the living organisms, especially on the nontarget organisms [1] [2] [3] . Many studies showed that the main points of collection and subsequent release of pharmaceuticals into the environment are wastewater treatment plants, suggesting that their upgrade and implementation of advanced treatment technologies are required [4, 5] .
Research studies now concentrate on diverse categories of pharmaceuticals, e.g., macrolide antibiotics, hormones, endocrine-disrupting compounds, β-blockers, and anthelmintics, as well as their metabolites [6] [7] [8] [9] .
Anthelmintics are mostly used both for humans and animals, and their focused activity is the treatment of gastrointestinal parasites [10, 11] . A few different anthelmintics are commercially available today. Among them, albendazole, flubendazole, thiabendazole, and fenbendazole are usually the most commonly used ones [12] .
Albendazole (ALB), as one of the most widely used benzimidazole anthelmintics, was in focus of this study, since we noticed the lack of reports on the environmental fate of anthelmintics discharged into the water environment. Degradation products and metabolites of ALB that were detected in previous studies [13] [14] [15] are albendazole sulfoxide (ALB-SX), albendazole sulfone (ALB-SF), and albendazole-2-aminosulfone (ALB-2-ASF). In addition to ALB, ALB-SX is also an important factor in the potential adverse environmental impact on organisms in the environment [15] .
One of the possible solutions for the degradation and/or removal of pharmaceuticals from the wastewaters is the use of advanced oxidation processes (AOPs) as an additional treatment step. AOPs can be defined as aqueous phase oxidation methods where highly reactive species such as hydroxyl radicals are responsible for the destruction of target pollutants, e.g., pharmaceutic molecules. They can be used either alone or coupled with other physicochemical and biological processes [16] [17] [18] , especially as a tertiary treatment in wastewater treatment plants [19] . Extensively investigated AOPs for the degradation of pharmaceuticals include the UV irradiation combined with H 2 O 2 or O 3 as strong oxidants, the Fenton and the photo-Fenton oxidation, and the heterogeneous photocatalysis over titanium dioxide or titania (TiO 2 ) [20] [21] [22] [23] .
In this study, the degradation of ALB was investigated in lab-scale experiments using four UV-based processes (with 185/254 and 365 nm radiation sources): (A) UV photolysis, (B) UV photocatalysis (UV light + TiO 2 nanofilm), (C) UV + O 3 process, and (D) UV + H 2 O 2 process. Screening of ALB degradation was performed using liquid chromatography with tandem mass spectrometry (HPLC-MS/ MS) and with ultra-high performance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS).
Calculation of energy use and total cost of every treatment option, as well as their comparison, will be evaluated in continuous work that will follow this study.
Methods and Materials
The analytical standard of ALB was obtained from Veterina Animal Health (Kalinovica, Croatia). For chromatographic analysis methanol (J. T. Baker, Deventer, Netherlands), acetonitrile (J. T. Baker, Deventer, Netherlands), and formic acid (Merck, Darmstadt, Germany) were used. All solvents used were HPLC-grade. Ultrapure water was prepared by a Millipore Simplicity UV system (Millipore Corporation, Billerica, MA, USA) and was used for all experiments. The concentration of aqueous solution of ALB was 1 mg/L. The solutions for experiments were prepared in quantities of 1 L and kept in the dark at 4°C.
Concentrated ozone stock solutions were produced by O 2 gas through an ozone generator through ultrapure water that was cooled in an ice bath, following a procedure described in [24] .
Hydrogen peroxide (H 2 O 2 ) concentrated solution (30%) was purchased from Kemika (Zagreb, Croatia) and kept in the dark, at 4°C.
All experiments were carried out in the 0.11 L borosilicate glass cylinder reactor (with 200 mm in height and 30 mm in diameter). A scheme of the reactor set-up was published elsewhere [25] . The TiO 2 nanostructured film was deposited on an inner reactor surface by the sol-gel method and dipcoating technique, described in details elsewhere [26] . Two different UV-radiation lamps were used: model Pen-Ray 90-0019-04, with λ max = 365 nm and incident photon flux N p = 4.295 × 10 −6 Einstein/s (UV-A lamp), and model PenRay 90-0004-07 with λ max = 254/185 nm (UV-C lamp) and incident photon flux N p = 1.033 × 10 −6 Einstein/s (UVP, Upland, CA, USA). The lamp was placed in the center of the reactor, and the UV radiation reaches the inner wall of the reactor through the solution, causing the photolytic/photocatalytic oxidation process in the reactor as described elsewhere [27] . During the experiments, samples for chromatographic analysis were taken from the reactor at particular time intervals and stored in the dark under 4°C until analysis.
Only by experiments with ozone, samples were analyzed immediately (since ozone alone reacts with ALB in solution).
The experiments for ALB degradation were carried out at a temperature of 25 ± 0.2°C without adjustment of pH. Starting pH of 1 mg/L solution was in interval 5.95-6.10, using different conditions that can be seen in Table 1 . Samples from the photolytic and photocatalytic experiments were analyzed on an Agilent Series 1200 HPLC system (Santa Clara, CA, USA) connected to a triple quadrupole mass spectrometer Agilent 6410 with an ESI interface. The column used for chromatographic separation of the degradation products was Synergi Polar C18 (100 mm × 2.0 mm, particle size 2.5 μm) supplied by Phenomenex (Torrance, CA, USA). The mobile phase was MilliQ water acidified with 0.1% formic acid (A) and acetonitrile acidified with also 0.1% formic acid (B) as it was used in [27] . The gradient elution was started with 8% of B which was held for 3 min. During the next 12 min, the percentage of B was increased linearly to 95% and was held for 5 min. During 0.01 min, it was set at 0% of B and was held for 10 min for the equilibration of the column. The analyses were performed in the positive ion (PI) mode. The conditions of the ion source of the mass spectrometer were drying gas temperature 350°C, capillary voltage 4 kV, drying gas flow 11 L min −1 , and nebulizer pressure 35 psi. Injection volume was 5 μL. For acquisition and data processing, Agilent MassHunter software version B.01.03 was used as described elsewhere [27] .
HPLC-MS and MS/MS experiments for the identification of photodegradation products in experiments with UV-H 2 O 2 and UV-O 3 processes were performed on an LTQ-Orbitrap Velos™ coupled with the Aria TLX-1 HPLC system (Thermo Fisher Scientific Inc., USA). The sample mixture was loaded (20 μL injection volume) on an Acquity UPLC HSS T 3 (2.1 mm × 50 mm, 1.8 μm particle size, Waters UK) column where the chromatographic separation was achieved using an 8 min linear gradient from 5% to 95% methanol in 0.1% formic acid at the flow rate of 200 μL·min −1 . The sample injection, separation, and spectra acquisition were carried out automatically. The electrospray capillary voltage was set at 4 kV, the capillary temperature was at 300°C, m/z range from 100 to 1000, the instrument resolution was 100,000 at 400 m/z, and mass accuracy was within the error of ±5 ppm. Tandem mass spectrometry experiments were performed using collision-induced dissociation. Mass range was from 100 to 600 m/z, isolation width was 1 Da with a normalized collision energy of 35 V, and activation time was 30 ms. Nitrogen was used as the collision gas. The acquisition software was set up in auto MS/MS mode using three precursor ions with active exclusion on (precursor exclusion after 5 MS/MS spectra for 20 s). Data extraction and analysis were done using Thermo Xcalibur 2.2 SP1.48 (Thermo Fisher Scientific Inc., USA).
Ozone was produced from O 2 gas (purity 99.995%, purchased by MESSER, Croatia) with ozone generator 500 M (Fischer Technology, Germany). Concentrations of O 3 and H 2 O 2 in stock solutions were controlled, due to their tendency to spontaneously degrade, by a UV-VIS spectrophotometer (HEWLETT PACKARD, Model HP 8453, USA) at 254 and 240 nm, respectively, by using a 1 cm quartz cell. The dose of H 2 O 2 was prepared using the Beer-Lambert law and the established value for ɛ = 401/(M•cm), as it is described in [28] .
Results and Discussion
In following figures, the obtained results are presented as the integrated area of the chromatographic peak of specific analyte (ALB or its degradation products) at the specific time (A) divided by the integrated area of the chromatographic peak of ALB at t = 0 min (A 0 ). Three DPs were identified using high-resolution MS; they are known as ALB metabolites. All the experiments were performed in duplicate, and the final results are the average of the two replications. Figure 1 shows the results of photolytic degradation of ALB, using only UV-C (185/254 nm radiation peaks) or UV-A (365 nm radiation peak).
Degradation with UV-C radiation was slightly more efficient than UV-A in ALB degradation, but the degradation of degradation products (albendazole sulfoxide (ALB-SX) and albendazole sulfone (ALB-SF)) is much faster: in 120 minutes, they completely disappeared with UV-C. With UV-A radiation, there is still a significant concentration of the degradation products in the solution even after 180 min of radiation exposure.
According to the studies [13, 14] , ALB and its metabolites are sensitive to UV (i.e., solar) radiation and it is to expect that sunlight at the surface of a flat water body could degrade ALB by 50% per clear summer/early autumn day. However, it is not to expect, too, that every run-off from wastewater system to natural water could be exposed to the natural solar radiation at daytime, and that is the reason why wastewaters that contain ALB and its metabolites should be additionally treated.
Experiments performed "in the dark", i.e., with the lamp switched-off and with the additional aluminum foil for protection of light penetration into the reactor, confirmed that the effects of adsorption of ALB on the surface of TiO 2 catalyst film were negligible in the overall ALB degradation process. Figure 2 shows the photocatalytic degradation of ALB with two different lamps in the reactor.
It is obvious that the process UV-C + TiO 2 is much faster in ALB degradation compared to UV-A + TiO 2 . However, degradation product, ALB-SX, remains in significant concentration after 120 minutes. In experiment B1 in t = 10 and 15 3 International Journal of Photoenergy minutes, the traces of the 3 rd degradation product of ALB was observed-ALB-2-ASF. Due to the fast degradation of ALB, there is a possibility for the formation of all three metabolites. The experiments B1 and B2 are faster in ALB degradation in comparison to the photolytic experiments A1 and A2 with the same radiation sources due to most probably hydroxyl radical formation over the TiO 2 film and its additional attack on the ALB molecule. It is especially observable when energyhigher UV-C radiation (in B1) was used.
In Figure 3 , the degradation potential of ALB with ozone is shown. Ozone alone, both in high or low dosage, possesses relatively low potential for ALB and its DP degradation.
Nevertheless, when UV radiation was combined with O 3 , again as in B group of experiments, due to hydroxyl radical formation, the degradation rate of ALB was increased (Figure 4) . Rather a fast degradation of ALB, in 15 minutes, it reached around 90% of ALB removal, followed by very slow additional degradation of ALB, which implicates that the dosage of O 3 , dosed by stock solution, was completely spent Figure 5 .
In all UV-H 2 O 2 processes ( Figures 5 and 6 ), the 3 rd degradation product, ALB-2-ASF, was shortly formed and after 15 minutes it disappeared, indicating that when the process of ALB degradation is fast, all three main degradation products of ALB can be observed.
Looking at all D processes, the fastest degradation of all components, ALB and its degradation products, was reached by the D2 process: in 90 minutes, practically, the water is almost free from contaminants. The D3 process is very close to D2 by its efficiency, especially when additional cost and energy requirements will be included in the evaluation of the processes. Table 2 represents, in a short form, a comparison between all experiments, showing the ratios of the ALB and its degradation products during the treatment. It will be the base for continuing evaluation of these technologies.
Conclusions
The fastest degradation of ALB and its degradation products, for both UV-C radiation and UV-A radiation, was obtained by the UV-C + H 2 O 2 process with removal efficiency of ALB higher than 99%, achieved in 15 minutes. However, degradation product removal requires extended time, up to 90 minutes.
In some cases, ALB was degraded more than 99% after 120 minutes but degradation products, especially ALB-SX, remained in high concentration. Such processes are characterized as not efficient enough because they do not efficiently remove all unwanted compounds that could potentially present a threat to the environment.
The ranking of the degradation process degree of the ALB and its degradation products for studied processes is as follows: UV photolysis < UV photocatalysis with TiO 2 < UV + O 3 < UV + H 2 O 2 . Although the slowest degradation of ALB was obtained using UV-A processes, they have a potential for practical use: they could use natural solar radiation as a source of UV-A radiation and therewith significantly reduce the cost of the treatment step.
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